I. INTRODUCTION
Although Nd-Fe-B bonded magnets have been conventionally used for miniaturized motors, 1 the magnetic properties of the bonded ones are inferior to those of conventional sintered magnets because the bonded magnets contain a nonmagnetic phase such as thermosetting resin. Furthermore, reduction in the thickness of a magnet in the motors is required to obtain smaller motors. However, it is generally known that we have difficulty producing a bonded magnet thinner than 300 μm. Sputtering method was proposed to prepare thinner Nd-Fe-B magnets with good magnetic properties, [2] [3] [4] [5] [6] though it is difficult to obtain a sub millimeter thickness applied to a small motor due to a low deposition rate. On the other hand, although solidification of only Nd-Fe-B powder at high speed by using a plasma spray was effective to obtain a film magnet with a sub millimeter thickness, 7, 8 magnetic polarization degraded because of the oxidation during the deposition. We, therefore, have prepared isotropic Nd-Fe-B film magnets with the thickness range from 10 to 1250 μm in vaccuum atmosphere using a PLD method with high depsoition rate. 9 In addition, a 200 μm-thick PLD-made Nd-Fe-B film was applied to an axial gap type DC brushless motor with a thickness of 0.8 mm and an outer diameter of 5 mm. 10 In the study, considering the demagnetization field due to the structure of a small motor aimed at development in this research, we need to increase the coercivity up to 1000 kA/m because permeance coefficient in a demagnetization curve is estimated at 1.0. Since the magnetic crystalline anisotropy constant of a Pr 2 Fe 14 B phase (Ku= 6.8 MJ/m 3 ) is larger by approximately 2.3 MJ/m 3 than that of a Nd 2 Fe 14 B phase (Ku= 4.5 MJ/m 3 ), 11 Pr-Fe-B thick film magnets instead of Nd-Fe-B ones were used.
This contribution reports the deposition of Pr-Fe-B films on stainless plates using a PLD method followed by same deposition process on stainless shafts to demonstrate a 250 μm-thick Pr-Fe-B film magnet with the coercivity above 1000 kA/m on a stainless shaft (diameter: approximately 0.5 mm) which is applicable to a small motor.
II. EXPERIMENTAL PROCEDURE
The detailed deposition conditions were shown in Table I . A Pr-Fe-B target was ablated with a Nd-YAG pulse laser (wavelength: ARTICLE scitation.org/journal/adv 355 nm) at the repetition rate of 30 Hz in vacuum atmosphere. The laser power, which was measured with a power meter in front of the entrance lens of a chamber, was approximately 4 W. Before the ablation, the chamber was evacuated down to approximately 2.0∼4.0×10 -5 Pa by using a rotary pump together with a molecular turbo one. The distance between a target and a stainless plate was fixed at 10 mm. The area of all the obtained films on stainless plates was 5×5 mm 2 . Average deposition rate exceeded approximately 40 μm/h. In the case of a stainless shaft, the distance between a target and a shaft with the diameter of approximately 0.5 mm was fixed at 5 mm. Average deposition rate was approximately 20 μm/h and the total deposition time was 14 h to obtain an approximately 300 μmthick Pr-Fe-B film. The deposition was carried out using eight different positions to surround a film on a shaft. Namely, after depositing a Pr-Fe-B film for 1.75 h at a fixed position, the shaft was rotated by 45 ○ followed by the deposition for 1.75 h. A Pr-Fe-B film could cover the whole shaft by repeating the deposition 8 times. A pulse annealing (PA) 12 was carried out to crystallize the films because all the as-deposited films had amorphous structure. After the annealing process, samples were magnetized up to 7 T with a pulse magnetizer. As shown in Figs composition of obtained films was evaluated with a SEM (Scanning Electron Microscope)-EDX (Energy Dispersive X-ray spectrometry), and the surface observation was also carried out by using a SEM. An average thickness was measured with a micrometer or estimated by measuring each weight. Figure 1 shows the dependence of coercivity (H cj ) and residual magnetic polarization (Jr) on Pr content of films on stainless plates. As Pr contents increased, H cj increased and Jr decreased. It is considered that the tendency is attributed to the increase in volume of non-magnetic phase at grain boundary and triple junction due to the increase in Pr contents. X-ray diffraction patterns of as-deposited and annealed Pr-Fe-B films with each Pr content of 14.0 and 14.1 at. %, respectively, on stainless plates were observed as shown in Fig. 2 . It was confirmed that the formation of Pr 2 Fe 14 B crystalline phases enabled us to obtain hard magnetic properties of samples displayed in Fig. 1 . Taking account of the demagnetization field due to the structure of a small motor aimed at development in the study, we estimated permeance coefficient in a demagnetization curve as 1.0. As seen in Fig. 3 magnetic flux density (Br) compared with those of the bonded magnet. In particular, high H cj was effective to hold large magnetic flux density at Pc = 1.0. These results suggest that H cj above 1000 kA/m is indispensable in a Pr-Fe-B film deposited on a shaft for a small motor. In order to use the above-mentioned Pr-Fe-B films in a motor, mechanical characteristic was also examined. Figure 5 shows peeling phenomenon in as-deposited Pr-Fe-B films on stainless plates as Pr content and thickness varied. The films tended to peel from each plate when Pr contents exceeded 15 at. %. According to the previous experiment, 13 it is estimated that the temperature of a stainless plate raised up to at least 473 K during the deposition process. Since the linear expansion coefficient of a stainless (10.3×10 -6 K -1 ) is different from that of Pr element (6.7×10 -6 K -1 ) as shown in Table II , we suppose that the peeling phenomenon due to internal stress of the films occurred during the deposition process.
III. RESULT AND DISCUSSION
Since optimum Pr content range is considered to be from 14 to 15 at. %, a Pr-Fe-B thick film with the Pr content slightly below 15 at. % was deposited on a stainless shaft with the diameter of around 0.5 mm. Figure 6 (a) shows photographs of an as-deposited Pr-Fe-B film together with an approximately 250 μm-thick Pr-Fe-B film magnet after polishing the surface. We didn't observe peeling phenomenon before and after the polishing process. In addition, we confirmed that the film could be surrounded on a shaft after the polishing as displayed in Fig. 6(b) . Figure 7 shows the comparison of a second quadrant of B-H loops of two samples. One is a Pr-Fe-B film magnet with Pr content of 14.6 at. % on a stainless plate shown in Fig. 4 and the other one is a polished Pr-Fe-B film with Pr content of 14.3 at. % on a stainless shaft. The values of energy product ((BH)) at Pc = 1.0 were 74 (plate) and 73 (shaft) kJ/cm 3 , respectively. The evaluation on the energy product revealed that the magnetic properties of the two samples were comparable. An asdeposited Pr-Fe-B film with Pr content of approximately 15 at. % on a stainless shaft had amorphous structure as displayed in Fig. 8 . Figure 8 also indicated that Pr 2 Fe 14 B crystalline phases were formed by annealing the as-deposited sample. Namely, we confirmed that the formation of Pr 2 Fe 14 B crystalline phases enabled us to obtain hard magnetic properties of a sample deposited on a shaft (see Fig. 7 ).
Consequently, it was clarified that a PLD-made Pr-Fe-B thick film magnet can contribute on the further reduction in a small motor.
IV. CONCLUSIONS
In order to develop a miniaturized motor, we clarified that a Pr-Fe-B thick film magnet deposited using a PLD method is a hopeful candidate instead of a conventional bonded Nd-Fe-B magnet. It was found that the control of Pr content is indispensable to achieve not only high coercivity but also increase in thickness without mechanical destruction such as peeling. Resultantly, we could demonstrate a 250 μm-thick Pr-Fe-B film magnet on a stainless shaft with the diameter of approximately 0.5 mm.
